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Fakultat fur Chemie, Universitat Bielefeld, Universitatsstrafle 25, D-4800 Bielefeld 1, FRG 
Protonated acetophenones, substituted with a methoxymethyl group in the para and mera positions, have been 
generated by electron impact induced fragmentation of the correspondingly substituted 2-phenylpropan-2-01s. The 
metastable ions, formed in the second field-free region of a V$ ZAB 2F mass spectrometer, react unimolecularly 
by elimination of CH30H, formation of CH3CO+ and CH30=CH2 ions, loss of CH,COOCH3, and loss of 
CH20. The mechanisms of these fragmentations have been elucidated with the aid of deuterated analogues of the 
protonated acetophenones. It is shown that these reactions are initiated by an endothermic transfer of the proton 
at the carbonyl group of the protonated acetophenones to the benzene ring. A further migration of the proton to 
the ether 0 atom of the methoxymethyl side-chain leads eventual!y to the elimination of CH30H. Protolytic bond 
cleavages of either side-chain gives rise to the CH3CO+ and CH30=CH2 ions. At low internal energies both these 
ions may be trapped by the aromatic neutral fragment in ion-molecule complexes. Reactions within these complexes 
result in the energetically favourable losses of CH3COOCH3 and CH20, respectively. With respect to these 
reactions, the protonated acetophenones behave analogously to the correspondingly substituted and protonated 
benzaldehydes. 
INTRO DUCT1 ON 
The current theories of bimolecular ion-molecule reac- 
tions in the gas phase' have shown that the formation 
of an intermediate ion-molecule complex is the first 
reaction step. The ionic and the neutral reactants are 
bound together in this complex by ion-dipole and ion- 
induced-dipole forces, but are free to rotate with respect 
to each other to achieve an optimal orientation for the 
subsequent chemical reaction. The unimolecular frag- 
mentation reaction of a large ion corresponds to the 
reversal of a bimolecular association reaction of a smal- 
ler ion with a neutral fragment. Hence, by the principle 
of the microscopic reversibility, a loosely bound ion- 
neutral complex must also be an intermediate of the 
unimolecular fragmentation. This fact and its con- 
sequences for the mechanisms of mass spectrometric 
fragmentations have been recently discussed by Mor- 
ton.2 However, the ion-neutral complex is the final inter- 
mediate of the fragmentation reaction just before the 
separation of the fragments, and its significance for the 
mechanism and the kinetics of the total reaction depends 
very much on the energetics of the system. It is easily 
seen that the effect of an intermediate ion-neutral com- 
plex on the course of a fragmentation reaction will be 
most important for ions of low internal energy, which 
react as metastable ions in a mass spectrometer because 
a large excess energy results in a fast dissociation of the 
complex. This has indeed been ob~erved .~  
We have studied the unimolecular reactions of certain 
protonated aromatic carbonyl compounds by mass- 
analysed ion kinetic energy (MIKE)-spectroscopy. The 
fragmentations of these metastable ions can be most 
easily explained by reactions in intermediate ion- 
molecule complexe~.~  These reactions have been dis- 
cussed in detail for protonated benzaldehydes sub- 
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stituted with a methoxymethyl group.5 In the present 
paper, we discuss the results of an analogous investi- 
gation of protonated acetophenones. These ions are 
formed in the ion source of a mass spectrometer by 
electron impact (EI) induced fragmentation of appropri- 
ately substituted 2-phenylpropan-2-01s. It will be shown 
that the fragmentations of these metastable ions are 
initiated by the migration of the proton at the carbonyl 
group to the aromatic moiety and proceed via inter- 
mediate ion-molecule complexes. 
~ ~ ~~~ 
RESULTS AND DISCUSSION 
Figures 1 and 2 show the 70eV EI mass spectra of 
2-(4-methoxymethylphenyl)propan-2-ol (1) and 2-(3- 
methoxymethylphenyl)propan-2-ol (2), respectively. 
The molecular ions of 1 and 2 easily fragment by loss 
of a methyl radical to ions a ( m / z  165). This is the only 
fragmentation observed in the MIKE spectra of the 
molecular ions, and the spectra of deuterated derivatives 
show that only a CH3 group from the hydroxyisopropyl 
side-chain is lost (see below). Thus, the ions a corre- 
spond to protonated acetophenones substituted with a 
methoxymethyl group in the para position (a, from 1) 
and in the meta position ( a ,  from 2), respectively. The 
other abundant ions which are observed in both mass 
spectra appear at m / z  133, 91,45 and 43. The last two 
ions are formed from the two side-chains of the ions a, 
as indicated by the appropriate mass shifts in the EI 
mass spectra of deuterated analogues. Ions m l z  133 
arise from ions a by loss of methanol, while ions m / z  91 
have to be formed by fragmentations in both side-chains 
of a. 
The MIKE spectra of ions ap and ions a,,,, respec- 
tively, are shown in Figs 3 and 4. It is clearly seen that 
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Figure 1. The El mass spectrum of 2-(4-methoxymethyl)propan-2-ol (1). 
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Figure 2. The El mass spectrum of 2-(3-methoxymethyl)propan-2-ol (2). 
the ions m / z  133, 91, 45 and 43 indeed arise from the 
further reactions of ions a. In addition to these reactions, 
the MIKE spectra show the formation of ions m / z  135, 
which corresponds to the elimination of CHzO from 
ions a. With the exception of the formation of ions 
m/ z 43, the analogous fragmentations have been 
observed in the MIKE spectra of methoxymethyl sub- 
stituted protonated ben~aldehydes.~ In the present case, 
the mechanisms of these reactions have been studied in 
the MIKE spectra of deuterated analogues of ions a 
derived from the deuterated derivatives shown in 
Scheme 1. The results are presented in Table 1. 
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Scheme 1 
Ions m / z  43 (CH,CO+) and m/z 45 (CH,=OCH,) 
The signal of the acetyl ions always appears at m / z  43 
in the MIKE spectra, irrespective of the number and 
the position of the D atoms in the ions up derived from 
la-lc. Hence, this ion is formed from the (protonated) 
acetyl side-chain of ion up without any H-D exchange. 
In the MIKE spectrum of a,, which is dominated by 
the signal due to the loss of methanol, the intensity of 
the acetyl ion peak is very low, and it was not possible 
to follow any mass shifts in the MIKE spectrum of the 
deuterated analogue derived from 2a. 
The mass of the methoxymethyl cation is completely 
shifted from m l z  45 to m l z  47 and 48, respectively, in 
the MIKE spectra of up derived from l b  and lc,  but 
remains at m / z  45 for l a  and 2a. Thus, the methoxy- 
methyl cation arises from ion a by a cleavage of the 
methoxymethyl side-chain, again without any H-D ex- 
change, in agreement with the behaviour of the proto- 
nated benzaldehydes substituted with this side-chain.' 
The formation of the acetyl and methoxymethyl cations 
can be easily explained by a migration of the proton in 
ion a from the carbonyl group to the aromatic ring as 
shown in Scheme 2. 
The proton affinity (PA) of a ketone is larger than 
that of alkylbenzenes (PA(acetone) = 823 kJ mol-'; 
PA(acetophenone) = 859 kJ mol-'; PA(to1uene) = 
794 kJ mol-I; PA( p-xylene) = 803 kJ mol-').6 Hence, 
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Figure 4. The MIKE spectrum of ions a,,, ( m / z  165; from 2). 
Table 1. Fragment ion peak intensities in the MIKE spectra of ions ap and a,,, , and their deuterated analogues 
a - CH,O 
a - CD,Q 
a - CH,OH 
a - CH,OD 
a - CD,QH 
a - CH,COOCH, 
a - CH COOCD, 
CH,=OCD, 
CH,CO+ 
CH,=&H, 
1 
7 
42 
- 
aP 
from 
l a  l b  
5 (loo%)a 
- 
30 (77%) 
9 (23%) 
- 
37 (100%) 
10(100%) 
2 (100%) 
- 
<1(<10%) 
8b (>go%) 
24 (57%) 
18 (43%) 
37 (100%) 
- 
10 (100%) 
1 (100%) 
- 
l c  
7 (100%) 
- 
- 
- 
39 (1 00%) 
39 (100%) 
1 4 ( 1 00%) 
- 
- 
2 (100%) 
am 
from 
2 2a 
3 
- 
a4 
- 
7 
6 
- 
3 (100%) 
- (100%) 
25 (30%) 
58 (70%) 
- 
9 (100%) 
5 (1 00%) 
- 
a Values in parentheses refer to the deuterium distribution on neutral fragments. 
The peak of a, - CD,O coincides with that of a, - CH,OH. The loss of CD,O was estimated from the excess of the intensity at a, -32. 
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Scheme 2 
the transfer of the proton from the carbonyl group in a 
to the benzene ring in b can only occur in excited ions 
a. Migration of the proton into either of the two ips0 
positions, and cleavage of the corresponding side-chain, 
gives rise to ions m/z 43 and 45, respectively. Note that 
intermediate ion-molecule complexes are formed before 
the complete dissociation and that the ions m/z 43 and 
45 give rise to very large peaks in the normal EI mass 
spectrum (Figs 1 and 2) but correspond to rather small 
signals in the MIKE spectra (Figs 3 and 4). Obviously, 
the dissociation via Scheme 2 is preferred only by ions 
a with a large amount of excess energy, while metastable 
ions a with a small amount of internal energy prefer the 
reaction channels leading to ions m/z 133 and 91, in 
agreement with the expected influence of the internal 
energy on the reactions of ion-neutral complexe~.~ 
Scheme 2 corresponds to the analogous reaction of 
protonated ben~aldehydes.~ However, for the proto- 
nated acetophenones, the proton transfer to the aromatic 
ring is followed by dissociations to ions m/z 43 and 45, 
while the protonated benzaldehydes form ions m/z 45 
only, and no formyl ions m/z 29. This different 
behaviour is due to the different reaction energies in the 
two systems. The formyl cation is rather unstable and 
the sum of the heats of formation of the reaction prod- 
ucts of 743 kJ mol-' (AH,(CHO') = 815 kJ m01-I ;~~ 
AHf(C6H5CH20CH3) = -72 kJ mol-1)8 for the dis- 
sociation of the protonated benzaldehyde into this 
ion and benzyl methyl etQer is much larger than 
the 634 kJ mol-' (AHf(CH30=CH2) = 657 kJ m ~ l - ' ; ~ ~  
AHf(C6H5CHO) = -23 kJ mol-')* for the dissociation 
into the methoxymethyl cation and benzaldehyde. In 
contrast, the sum of the heats of formation of the dis- 
sociation products of the two pathways of Scheme 2 
is 569 kJ mol-' (AHf(CH3CO+) = 641 kJ m ~ l - ' ; ~ " )  and 
567 kJ mol-' (AHf(C6H,COCH3) = -90 kJ mol-'),8 re- 
spectively. 
Ions m / z  133 ( a  - CH30H) 
Loss of methanol is the most important reaction of ions 
up and a,, in agreement with the behaviour of the 
analogous protonated ben~aldehydes.~ This reaction is 
also initiated by a migration of the proton at the carbonyl 
group of a on to the aromatic ring as shown in Scheme 
3. 
e ;/.? 133 
Scheme 3 
The PA of an ether 0 atoms is larger than the PA 
of alkylbenzenes (PA(CH,OCH,) = 804 kJ mol-' '). 
Hence, the further migration of the proton in the inter- 
mediate b to the ether group is energetically favoured, 
and methanol is eventually lost from the intermediate 
e. The migration of the proton from the carbonyl group 
to the ether group across the benzene ring is accom- 
panied by some H-D exchange in the deuterated ions 
a derived from lb, l b  and 2a. The values for the losses 
of CH,OH and CH,OD, respectively, given in Table 1, 
never reach the statistical limit which corresponds to 
20% loss of CH30D in the cases of la  and 2a and 80% 
loss of CH30D in the case of lb, assuming complete 
scrambling of the proton at the carbonyl group and the 
four hydrogen atoms at the benzene ring. The experi- 
mental results given in Table 1 show a preferred elimina- 
tion of the proton or deuteron originally at the carbonyl 
group of a, which cannot be explained by an isotope 
effect, but indicates a migration across the aromatic ring 
without any exchange. The same observation has been 
made for the elimination of methanol from the 
analogous substituted and protonated ben~aldehydes.~ 
It is obvious from these data that the migration of the 
proton across the aromatic ring occurs by an additional 
mechanism besides the 'ring walk'. This competing 
mechanism will be discussed more in detail in a forth- 
coming paper dealing with the reactions of protonated 
naphthyl ketones.' 
The sum of the heats of formation of the products 
of the reaction of Scheme 3 has been estimated 
to be 569 kJ mol-' (AHf([CH,COC,H,CH2]') = 
770 kJ mol-';'@ AHf(CH30H) = -201 kJ mo1-')8. Thus, 
the reaction enthalpy of Scheme 3 is similar to those of 
both pathways of Scheme 2. While this explains the 
competing formation of ions m/z43 and 45 with 
methanol elimination, the large intensity difference in 
favour of the loss of methanol must be due to kinetic 
effects. 
Ions m / z  91 (a - CH3COOCH3) 
While the rather large intensity of the m / z  91 ion peak, 
both in the normal EI mass spectra of 1 and 2 and in 
the MIKE spectra of the ions a, can be understood in 
terms of the high stability of the [C7H,]' ions, the 
formation of these ions from metastable ions a in an 
apparently one-step reaction is surprising, and the 
mechanism of this fragmentation is very interesting. If 
the ions rn/z91 are formed by consecutive losses of 
methanol and ketene with methanol elimination as the 
first reaction step, the label distribution of the methanol 
elimination from deuterated ions a should be preserved 
in the final step and should also appear in the final 
reaction products. However, the data given in Table 1 
show clearly that this is not the case and that the elimina- 
tion of methanol and the elimination of a fragment of 
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74 u (supposed to be CH3COOH3) occur independently 
of each other. The most significant result is obtained by 
the reactions of ions up derived from l b  (Table 1).  While 
approximately equal amounts of CH30H and CH,OD 
are lost from this hexadeuterated ion ap, only 
CH3COOCH3 is eliminated without any H-D exchange. 
On the other hand, consecutive losses of ketene and 
methanol with ketene elimination as the first reaction 
step are very unlikely. The elimination of ketene from 
a is energetically unfavourable and is not observed 
because it cannot compete with the elimination of 
methanol. Thus, the situation is similar to the fragmenta- 
tion of methoxymethyl substituted protonated benzal- 
dehydes via loss of HCOOCH3 ,5 and the elimination of 
CH3COOCH3 from ions a occurs very probably by an 
analogous mechanism depicted in Scheme 4. 
The important reaction step of this mechanism is the 
collapse of the @so-protonated intermediate c into the 
ion-molecule complex J: Calculating the attractive elec- 
trostatic forces within the complex by the classical for- 
mula,2 and assuming a rather long distance of 3 b, 
between the CH,CO+ ion and the centre of the aromatic 
ring, gives a stabilization of the complex f of 
186 kJ mol-' with respect to its dissociation products. 
Furthermore, the estimated heat of formation of c is 
559 kJ mol-','' and the dissociation of c into the com- 
plexfis exothermic. Thus, at least some of the complexes 
f are formed with insufficient energy for a fast direct 
dissociation. The acetyl ion infis free to migrate towards 
the ether group, which eventually leads to the dissoci- 
ation of the complex into [C,H,]+ and CH3COOCH3 
by an ion-molecule reaction within the complex. 
The sum of the heats of formation of these prod- 
ucts is 462 kJ rno1-l (AHf([C7H7]+) = 859 kJ mol-';'2 
AHf(CH,COOCH,) = -397 kJ mol-' *), and the relative 
reaction enthalpy is much lower than that for a direct 
dissociation of the complexf (see Scheme 2). However, 
the ion-molecule reaction within the complex, corre- 
sponding to a SE2 reaction at the ether 0 atom, has a 
'tight' transition state and the direct dissociation of the 
complex f is preferred at high internal energy. 
Ions m / z  135 (a-CH20)  
Protonated benzaldehydes with a methoxymethyl sub- 
stituent fragment by loss of formaldehyde which is 
formed from the CH20  moiety of the side-chain and 
not from the terminal CH,O group.5 In the present case 
of protonated acetophenones, the metastable ions a also 
eliminate CH20  (see Figs 3 and 4), and the results from 
the labelled analogues prove (Table 1) that it is again 
the internal CH20  moiety of the side-chain which is lost. 
This follows from the observation that ions a derived 
from l c  with the terminal CD30 group still lose CH20,  
while those from l b  lose CD20,  since the signal is buried 
under the large signal for methanol loss and no signal 
for loss of 30 u is observed in the MIKE spectrum. Thus, 
the mechanism for this fragmentation is the same as that 
for the protonated benzaldehyded involving an ion- 
neutral complex formed by a methoxymethyl cation and 
an acetophenone molecule as shown in Scheme 5 .  
The ion-molecule reaction occurring within the com- 
plex g corresponds to a methyl group transfer from the 
methoxymethyl cation to the carbonyl group of aceto- 
phenone. This methylating ability of the methoxymethyl 
cation is known from its bimolecular  reaction^.'^ Again, 
the transition state for the methyl group transfer in the 
complex g is much more 'tight' than that for a direct 
dissociation of g, and the latter process is preferred if 
the complex g contains sufficient internal energy. 
CONCLUSIONS 
All reactions of protonated acetophenone ions a, when 
generated as metastable ions by EI induced fragmenta- 
tions from suitable precursors, start with a transfer of 
the proton from the carbonyl group to the benzene ring. 
Hence, the ion b is the common reactive configuration 
of all five fragmentations observed, and its formation 
probably corresponds to the common transition state 
with the highest energy barrier. This would explain the 
competition of reactions with rather different reaction 
enthalpies during the fragmentation of a. 
The exact structure of b, and of the transition state 
for the endothermic proton transfer, is not known. It 
seems plausible to assume a 1,4-proton transfer from 
the carbonyl group to the ortho position of the benzene 
ring, in view of the unfavourable energetics of 1,3-H 
shifts or two subsequent 1,2-H shifts in related  system^.'^ 
However, the results of the labelling study for the 
methanol elimination show that there is at least one 
B m / z  135 
Scheme 5 
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additional pathway for a direct proton transfer from the 
carbonyl group across the benzene ring to the ether 
group. 
The most characteristic feature of the reactions of b 
is the protolytic cleavage of the two side-chains (Scheme 
2). This corresponds to the well-known deacetylation 
and dealkylation of adequately substituted benzene in 
very acidic solutions. A very interesting result for these 
reactions in the gas phase is the capture of the acetyl 
cation and the methoxymethyl cation, respectively, by 
the aromatic neutrals to form the ion-neutral complexes 
f (Scheme 4) and g (Scheme 5). Subsequent ion- 
molecule reactions within the complexes lead to frag- 
mentations which are much more energetically favour- 
able than the direct dissociation of the complex. The 
same reactions as for b have been observed for meta- 
stable protonated benzaldehydes substituted with a 
methoxymethyl group.5 Thus, the formation of ion- 
neutral complexes at low internal energies by a protolytic 
bond cleavage is a general reaction possibility of sub- 
stituted aromatic  ion^.^,^ 
Two effects remain to be studied in more detail. First, 
the mechanism of the proton transfer across the aromatic 
ring preceding the loss of methanol, without any 
exchange between the hydrogens at the different posi- 
tions, has to be investigated. The role of this migration 
mechanism apparently depends on the relative orienta- 
tion of the side-chains and can be studied in more detail 
with the aid of the various positional isomers of naph- 
thalene derivatives. Second, the ease of the protolytic 
bond cleavages in ions b indicates assistance to the 
bond-breaking process by the energy gain resulting from 
the ion-neutral complex formation, which is mostly due 
to the polarizability of the aromatic fragment. The 
polarizability increases with the size of the aromatic 
system. Hence, one can expect that complex formation 
and fragmentations via ion-neutral complexes as inter- 
mediates will be of even more importance in the low- 
energy reactions of protonated naphthyl aldehydes and 
ketones. 
following conditions: electron energy, 70 eV; emitter 
current, 3 mA; acceleration voltage, 3 kV; ion source 
temperature, 180 "C. 
The reactions of metastable ions (MIKE spectra) were 
investigated with a VG ZAB 2F mass spectrometer under 
the following conditions; electron energy, 70 eV, elec- 
tron trap current, 50 PA; acceleration voltage, 6 kV; 
standard EI/CI ion source; ion source temperature, 
-180 "C. The reactions were observed by focusing the 
relevant ion into the second field-free region and varying 
the electrostatic field. 
Compounds 
2-(4-Methoxymethylphenyl)propan-2-ol(l) and 2-(3- 
methoxymethylphenyl)propan-2-ol (2) were prepared 
from the corresponding chloromethyl substituted deriva- 
tives by treatment with CH,ONa in CH30H and puri- 
fied by Kugelrohr distillation at 110 "C and 0.1 Torr. 
2-(4-Chloromethylphenyl)propan-2-ol and 2-(3- 
chloromethylphenyl)propan-2-ol were obtained from 
the corresponding benzoic acids" by conversion into 
the acid chlorides followed by the Grignard reaction 
with CH3MgI. 
The hydrogen atom of the hydroxyl group in 1 and 2 
was exchanged for a deuterium atom by addition of 
excess D20 to yield l a  and 2a immediately before the 
mass spectrometric measurements. The hexadeuterated 
derivative l b  was synthetized from d,-toluene by acety- 
lation with CH,COCl and AlCl, in dry CS, to yield 
d7-4-methylacetophenone. This was brominated with 
NBS in the usual way to d7-4-bromomethylaceto- 
phenone, which was converted into lb  by treated with 
CH,0Na/CH30H. 
2 - (4 - Trideuteromethoxymethylpheny1)propan - 2 - 
01 (lc) was prepared from the corresponding 
chloromethyl derivative by treatment with 
CD,ONa/CD,OH. 
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